The results demonstrate that autoregulation is primarily dependent on the arteriovenous pressure difference and that it is diminished or abolished when this pressure is lower than approximately 90 mm. Hg. It is suggested that in the kidney the arteriovenous pressure gradient is probably close to the true distending pressure (i.e., the transmural pressure) of the intraparenchymal renal arteries and arterioles. It is concluded that renal autoregulation is due to an active response of the muscular coats of the renal arteries and arterioles to changes in transmural pressure.
V ERNBY and Starling 1 first observed that when the renal arterial pressure to the isolated dog's kidney is varied the accompanying changes in renal blood flow are less than those in the pressure. It has since been established that the range of pressure over which this phenomenon occurred is between approximately 100 and 200 mm. Hg. It is implicit in this finding that over this range of pressure the renal vascular resistance rises and falls with the pressure. The phenomenon is sometimes referred to as renal circulatory autoregulation. The effective changes in renal resistance probably occur in the arteries or arterioles proximal to the glomerulus, for the changes in renal blood flow are associated with parallel changes in glomerular nitration rate. 2 " 4 Autoregulation is abolished by cyanide, 5 ' ° and by procaine though only when the concentrations used are greater than those needed for nervous paralysis; 0 it is also depressed or abolished by the intense renal vasoconstriction of severe hemorrhage." Recently it has been shown that autoregulation is still present when the kidney is perfused with fluid which does not contain red cells 8 or in acute anaemia. 4 The effect of raising the venous pressure on renal autoregulation does not seem to have been investigated. Ochwadt 8 using a constant output pump delivering a fixed and unchangeable renal blood flow measured the changes in the renal arterial perfusion pressure which occurred when the renal venous pressure was raised. He found that at venous pressures greater than 15 mm. Hg the rise in arterial pressure was greater than the corresponding venous pressure. There, had been, therefore, an increase in resistance to blood flow greater than could be accounted for by the rise in venous pressure. Ochwadt considered that the mechanism by which this increase occurred was the same as that responsible for autoregulation.
The experiments described in this paper were performed to study the relationship between the renal arterial pressure and the renal blood flow before and after raising the renal venous pressure. The results show that autoregulation depends primarily on the renal arteriovenous pressure difference.
METHODS
The experiments were performed on dogs anesthetized with intravenous pentobarbital (20-40 mg./Kg.) and maintained by intravenous supplements as required. Two dogs were used for each experiment in the manner described by Lochner and Ochwadt, 6 i.e., the kidney to be perfused was obtained from one dog and was perfused by blood circulating through another dog. The excised kidney was placed in a saline bath kept at a constant temperature of 38 C.; the renal artery and vein were cannulated and connected with Portex tubing to a carotid artery and jugular vein of the second dog which lay on a platform about 1.5 M. above the isolated kidney. The arterial perfusion pressure was varied by an adjustable clamp and measured by a mercury manometer placed distal to the clamp. Between the clamp and the connection to , before and after raising the renal venous pressure from 20 to 50 mm. Hg. When the venous pressure was 20 mm. Hg, an inerease in arterial pressure from 110 to 150 mm. Hg produced an initial rise in flow, but it then returned to near the control value. Three minutes after raising the venous pressure to 50 nun. Hg the renal blood flow had decreased to a. new base line rate; upon now raising the arterial pressure from 110 to 145 mm. Hg the renal blood flow immediately rose then fell, but subsequently it rose gradually to a level much greater than the control flow. Upon raising the arterial pressure further to 180 nun. Hg there was an initial rise in flow but then the flow returned to a similar rate to that obtaining when the arterial pressure was 145 mm. Hg. Note that when the venous pressure was raised to 50 mm. Hg the pen of the electromagnetic flowmeter had to be adjusted and the sensitivity of the machine was decreased. Weight of kidno3' was 36 Gm. the mercury manometer the arterial blood from the carotid passed through a magnetic flowmeter which has been described previously. 10 In order to maintain a constant renal venous pressure in spite of: changes in flow, the tube from the renal vein cannula was open to the atmosphere and the venous pressure could therefore be set at any. required level by altering the height of the break in the tubing; the venous pressure was measured with a mercury manometer. The renal venous blood then passed into an upright graduated cylinder, from which it travelled into a pump which returned the blood into the jugular vein. If the pump was stopped the height of the column of blood in the cylinder rose, and with a stop watch it was possible to obtain a direct measurement of the renal blood flow. The arterial and venous pressures and the electromagnetic measurement of blood flow were recorded by pen writers on a kymograph. The tubing and graduated cylinder were primed with dextran 5 per cent solution. Heparin (30-40 ing.) was given intravenously to the second dog a few minutes before the perfusion of the kidney was begun.
Plan of Experiment. It has been established that at normal renal venous pressures renal circulatory autoregulation in the isolated kidney is most pronounced at arterial perfusion pressures greater than 100-110 mm. Hg. The isolated kidney was therefore perfused at a baseline pressure of 100 to 110 mm. Hg and observations on autoregulation were made by studying the changes in blood flow which followed sustained increases in pressure above this level. The increases in arterial pressure were in steps of 35-40 mm. Hg so that the arterial pressure was first raised to 140-150 mm. Hg and then to 175-190 mm. Jig. Perfusion pressures above 100-110 mm. Hg were sustained for 2-4 mill. Control observations were made at venous pressures of 10 to 20 mm. Hg, and when autoregulation had been observed over the arterial pressure range 100 to 150 mm. Hg (8 kidneys), the arterial pressure was maintained at 100 to 110 mm. Hg while the venous pressure was raised to 50 mm. Hg. Observations on pressure flow relationships were repeated 3 to 5 min. later when the fall in renal blood flow caused by the rise in venous pressure was maximal.
RESULTS
Raising the renal venous pressure to 50 mm. Hg abolished autoregulation over the arterial pressure range of 100 to 150 mm. Kg, but autoregulation was still present over the range .150 to 190 mm. Hg ( fig. 1 ). The pattern of response was the same in the S experiments. Figure 2 illustrates the results in a similar experiment and shows that autoregulation is primarily related to the arteriovenous pressure gradient. For the purpose of the figure, an index of the efficiency of autoregulation has been calculated for each rise in pressure by dividing the proportionate increase in flow by the proportionate increase in arterial pressure:
Where F] and P A1 are the renal blood flow and arterial perfusion pressure immediately before the pressure is changed, and Fo and P\2 are the flow and pressure 2-4 min. later. When the proportionate increase in flow is the same or greater than that of the pressure, the product of the fraction is 1 or more, i.e., there is no autoregulation. If there is no change in flow the product is 0, i.e., autoregulation is maximal. The arteriovenoHs pressure gradient shown on the figure has been calculated as the arterial pressure less the venous, i.e., P A i-V and PA2-V where V is venous pressure. It has been shown that raising the venous pressure of the kidney produces a similar rise in the intrarenal pressure, hence the transmural pressure of the arteries and arterioles is probably closely related to the arteriovenous pressure gradient. Also included in figure 2 is half the sum of the arterial pressure and the venous pressure. P A] + V and P. A2 + y. This we have called for convenience the "mean intravascular pressure." While it has no definite hemodynamic meaning it has been included because when both the arterial and venous pressures are raised there will be two transmitted forces tending to distend the smaller vessels -the actual rise in arterial blood pressure plus the back pressure due to the raised venous pressure. We have used this index to see whether autoregulation is a function of the rise in pressure in both the arterial and venous systems irrespective of arteriovenous pressure gradient. After raising the venous pressure to 50 mm. Hg autoregulation could no longer be obtained upon raising the arterial pressure from 100 to 150 mm. Hg. Over this range of perfusion pressure, however, the mean intravascular pressure was in the same range as that associated with autoregulation before the venous pressure was raised, but the arteriovenous pressure gradient was much lower. Upon raising the arterial perfusion pressure further, from 150 to 190 mm. Hg autoregulation returned. At this range of perfusion pressure the mean intravascular pressure was now greater than before, but Autoregulation is illustrated by a factor. When the factor is O, a change of perfusion pressure has not been accompanied by any change in flow, i.e., autoregulation is perfect; when the factor is 1 (arrows) a change in pressure has been accompanied by a proportionately identical change in flow, i.e., autoregulation is absent. Raising the renal venous pressure reveals that autoregulation only occurs when the arteriovenous pressure (PA-V) is greater than about 90 mm. Hg. the arteriovenous pressure gradient had returned to within the range associated with autoregulation before the venous pressure was raised.
Raising the renal venous pressure caused a considerable reduction in renal blood flow but this did not appear to affect the kidney's ability to autoregulate the flow when the arterial pressure was raised. Figure 3 is a kymographic tracing of an experiment in which excellent autoregulation occurred both when the flow was 135 ml./min. (3 ml./Gm./min.) and the venous pressure was 18 mm. Hg, and when the flow was 54 ml./min. (0.9 ml./Gm./min.) and the venous pressure 50 mm. Hg.
The usual time for the flow to become adjusted to each new pressure was about 1 to 2 min. 1-1 g, before (upper set) ami 5 min. after (lower net) raising the venous pressure (VP) from 20 to 50 nun. Tig. Autoregulation was excellent on both occasions, though when the venous pressure was 50 mm. Hg the renal blood flow was 0.9 nil./Gin./min. Both before and after the venous pressure was raised, autoregulation was accompanied by a transient overshoot of the renal blood flow. Note that after raising the venous pressure the pen of the electromagnetic flowmeter had to be adjusted and the sensitivity of the machine was decreased. Weight of kidney was 51 Gin.
DISCUSSION
When the renal venous pressure is raised it becomes apparent that autoregulation is dependent on the arteriovenous pressure gradient and that it is independent of the arterial or the "mean intravascular pressure." This suggests that autoregulation is not re- lated to those pressures which distend the renal arteries or arterioles. It is probable, however, that in the kidney the effective distending pressure of the small renal arteries and arterioles is the arteriovenous pressure gradient rather than the arterial or mean intravascular pressure. Upon raising the venous pressure the kidney becomes firm and (here is a similar rise in the intrarenal pressure, 11 which makes it likely that increases in venous pressure are transmitted to the outer surface of the walls of the intraparenchymal arteries and arterioles. If this is correct the true distending pressure of the renal arteries and arterioles is closer to the arteriovenous pressure gradient than to the arterial pressure or mean vascular pressure. This conclusion is supported by the work of AVaugh. and Hamilton. 12 They showed that, at a constant arteriovenous pressure gradient the renal vascular resistance and blood flow of the inert kerosene perfused kidney remains unchanged and is independent of the intravascular pressure, e.g., the renal blood flow remained the same whether PA was 110 mm. Ifg and PV was 90 mm. Hg, or PA was 30 mm. Hg and PV was 10 mm. Hg. The finding that autoregulation is dependent on the arteriovenous pressure difference is therefore highly suggestive that it is related to the true distending pressure (the transmural pressure).
There are other sites where changes in vascular pressure are associated with changes in blood flow which are proportionately smaller; the human brain 13 and forearm, 14 the perfused dog's hind limb, 15 and the rat's liver. 1 " Folkow 13 using a teehnic which recorded the dog's hind limb blood flow continuously found that the time taken for an adjustment in flow to be complete after a change in pressure was about 1 to 2 min., the same as in the dog's kidney 5 ' 17 ' 18 ( figs. 1 and 3) . His records also show that the flow adjustment, was often accompanied by rhythmic fluctuations similar to those sometimes observed in the kidney. Figure 4 is a tracing from an experiment on the kidney and is very like some of Folkow's tracings. Measurements of blood flow in the human forearm, were made at intervals; the adjustment in the flow to a change in pressure took up to 5 min. and it was demonstrated that the stimulus for this adjustment is the transmural pressure.
The sites where the phenomenon of autoregulation can be demonstrated have different vascular patterns. It is unlikely, therefore, that renal autoregulation can be due to the peculiar disposition of the smaller renal arteries as has been suggested by Kinter and Pappenheimer. 19 It is more likely that it is due to a common property of a common structure and that as Bayliss-0 originally suggested this is the muscular coat of the arteries which "reacts like smooth muscle in other situations, to a stretching force by contraction," and "to a diminution of tension by relaxation. . . ." The conclusion that renal autoregulation is primarily dependent on the transmural pressure is in keeping with this hypothesis. In addition Waugh 8 has demonstrated that renal autoregulation still occurs after 18-23 min. of anoxia, which eliminates a local nervous reflex.
It follows that autoregulation is due to an active mechanism, a conclusion which is supported by the fact that cyanide abolishes autoregulation and by the frequent appearance of rhythmic fluctuations during the phenomenon. It is also supported by two other findings: (1) Occasionally the adjustment in rate of flow to a change in pressure is greater 
SUMMARY
The effect on renal autoregulation of raising the venous pressure has been examined in the isolated dog's kidney. The results demonstrate that autoregulation is primarily dependent on the arteriovenous pressure difference and that it is diminished or abolished when this pressure is lower than approximately 90 mm. Hg. It is suggested that in the kidney the arteriovenous pressure gradient is probably close to the true distending pressure (i.e., the transmural pressure) of the intraparenchymal renal arteries and arterioles. It is concluded that renal autoregulation is due to an active response of the muscular coats of the renal arteries and arterioles to changes in transmural pressure. ACKNOWLEDGMENT We wish to thank Professor H. Barcroft for tlie loan of the electromagnetic flownieter and Mr. M. G. Ventoin for assistance with the experiments.
SUMMAKIO IN INTERLINGUA
Le effecto de un augmento del tension venose super le autoregulation renal esseva exaininate in le isolate ren canin. Ije resultatos deinonstra que le autoregulation depende primarimente del differentia arterio-venose de tension e que illo es diminuite o abolite quando le mentionate tension es infra approximativemente 90 mm de Hg. Es postulate que in le ren le gradiente arterio-venose de tension es probabilemente proxime al ver tension distendente (i.e. le tension transparietal) del intraparenchymal arteries e arteriolas renal. Es concludite que le autoregulation renal es le effecto de un responsa active del tunicas muscular del arterias e arteriolas renal in le presentia de altei'ationes in le tension transparietal.
